Abstract-A modified perturbation and observation controller for maximum power point tracking of partially shaded photovoltaic systems is proposed. The proposed controller applies scanning and storing stages to the conventional perturbation and observation technique during partial shading conditions. Moreover, the proposed system is capable to identify whether the photovoltaic system is under partial shading condition or not. The proposed system provides accurate and fast convergence to the global maximum operating point during different weather conditions. Simulation results are provided to demonstrate the validity of the controller.
I. INTRODUCTION
The development of renewable energy sources has attracted the attention of researchers. There has been significant progress in the development of renewable energy sources, such as combined heat and power (CHP) applications, solar photovoltaic (PV) modules, small wind turbines, and heat and electricity storage, where controllable loads are expected to play a significant role in future electricity supplies [1] - [5] . Photovoltaic systems are considered one of the most efficient and well-accepted renewable energy sources, due to its suitability in distributed generation, mobile applications, transportation, and satellite systems [6] , [7] . However, the PV systems suffer from the nonlinearity between the output voltage and current, especially during partial shading conditions. Under partial shading conditions the characteristic curve of the PV output power and voltage will have local and global maxima. Therefore, the conventional maximum power point tracker (MPPT) such as perturbation and observation technique could fail to track the global maximum power point (MPP) [8] .
Different MPPT techniques have been proposed in the literature. In [9] modified hill climbing based on observing a trajectory line is proposed. The trajectory line can identify can predict whether the PV system is partially shaded or not to save the controller from doing unnecessary scanning of the PV system under normal weather conditions. The global MPP is accurately track in this technique. However, the trajectory line are not the same for all PV modules which makes this technique work in certain conditions.
To track the global MPP under partial shading conditions, two stage MPPT is proposed in [10] . In the first stage, the conventional MPPT is used to the MPP by assuming that the P-V curve is uniform. In the second stage, the increment resistor technique is applied to track the global MPP. In some partial shading conditions, this technique could overlook the global MPP. Moreover, the measurement of the open circuit voltage and short circuit current is required.
Heuristic optimization methods such as line search algorithm with Fibonacci sequence and practical swarm are proposed in [11] - [13] . In these techniques, large time delay is needed to allow agents to compute the global MPP which could result on long computation time.
In this paper, a modified perturbation and observation technique is proposed to track the global maximum point in a non-uniform P-I curve characteristic. The proposed controller tracks the global MPP by scanning, storing, perturbing, and observing the operating power of the PV system. Moreover, the partial shading condition is identified to save the controller from scanning the PV characteristic curve. Simulation results are provided to evaluate the effectiveness and robustness of the proposed control method.
II. PHOTOVOLTAIC MODULE
PV module consists of a group of series connected solar cells to obtain sufficient working voltage [14] . Usually, the PV module is rated by its dc output power under standard test conditions (STC) and commercially STC specifies at irradiance of 1000 W/m 2 with a spectral distribution of air mass (AM) 1.5 and 25 o C PV cell temperature [15] . The PV module can be implemented from the mathematical model in eq. (1), which is derived from a cell's equivalent circuit where all cells are identical.
where V pv and I pv represent the PV array output voltage and current, respectively. R s and R sh are the solar cell series and shunt resistances. is the electron charge (1.6×10 -19 C); I ph is the light generated current; I o is the reverse saturation current; A is dimensionless junction material factor; k is Boltzmann constant (1.38×10 -23 J/K); T is the temperature (K); and n p and n s are the number of cells connected in parallel and series, respectively. For a given PV module, the Power-Voltage (P-V) characteristic and the Current-Voltage (I-V) characteristic under STD are shown in Fig. 1 .
During shadowing conditions, the characteristic curve of the PV system in Fig. 1 Under partial shadowing conditions, multiple maxima exist in the PV power characteristics. The P-V characteristic of a given PV module under STC is shown in Fig. 2 . 
III. PROPOSED METHOD
The proposed perturbation and observation controller starts by predicting whether the PV system is under partial shading conditions or normal weather conditions. During partial shading conditions, the proposed controller will scan, store, perturb, and observe the operating power of the PV system. In contrast, the conventional perturbation and observation is applied to the PV system.
The identification of the weather condition is based on the observation from the behaviour of the PV output power variation. the variation of the PV output power is shown in Fig. 3 . It is clear that the variation of the PV output power is positive during initial condition and varying weather condition at the equally distributed radiations level. On the other hand, the PV output power variation is positive during initial condition and negative during varying weather condition at the unequally distributed radiations level. Therefore, the controller is designed to sense the variation on the PV output power to decide whether to start with the scanning stage or skip it to the perturbation and observation stage. During normal weather conditions, where the variation on PV power is positive the conventional perturbation and observation method is applied. In case if the variation of the PV power is negative, the controller starts to scan and store the global MPP before the perturbation and observation stage. During partial shading conditions, the proposed controller makes a wide range search to scan and store the global MPP on the PV system. A fixed value which represents the accepted difference between the identified MPP and the operated power is stored to select the controller rules. If the difference between the IDENTIFIED MPP and the operated power is greater than the fixed value, the duty cycle is increased otherwise perturbation and observation method is applied. In this case, the algorithm guarantees that the MPPT is not imprisoned by local maxima and quickly identify the new global MPP during different weather conditions. The scanning stage does not required a long time delay because the controller scans the PV characteristic curve while the perturbation and observation is carried out. The flow chart of the proposed controller is shown in Fig. 4 , where V pv are I pv are the PV output voltage and current, D is the duty cycle, P m is the global maximum power point, and ∆P m is a constant that identifies the allowable difference between the global maximum and the operating power point. Ten series PV modules with rated power of 850W is tested. The design specification and circuit parameters are shown in Table I . To validate the performance of the proposed controller, the simulation results are carried out using Matlab/Simulink. The global MPP is scanned using a large initial perturbation step. During normal weather conditions, the proposed system is tested under two radiation levels, 500W/m 2 and 1000W/m 2 . As shown in Fig. 5 , the systems successfully predict the normal weather conditions and extract the MPP under the two radiation levels. During partial shading, the PV system is tested under different radiation levels; seven unshaded modules receive 1000W/m 2 while the other three modules are partially shaded with a radiation level of 800, 500 and 100W/m 2 . The PV output power is shown in Fig. 6 . The proposed controller is not prevented by the local maxima from tracking the global maximum power point. Moreover, the tracking of the global maximum is fast with small oscillations at steady state. For more verification, the same partial shadowing conditions are repeated with different radiation levels on the unshaded modules; the radiation level varies from 500W/m 2 to 1000W/m 2 at 0.5 second and then from 1000W/m 2 to 500W/m 2 at 1 second. As shown in Fig. 7 , the proposed controller scans and then tracks the global MPP quickly even under varying weather conditions. Fig. 7 . Output power for a partially shaded PV system under two radiation levels along with the PV power locus.
V. CONCLUSION
In this paper, a modified perturbation and observation controller has been proposed to track the global MPP. The proposed MPPT was implemented by combining partial shading identifier and modified perturbation and observation which were designed to scan, store, perturb, and observe the operating power of the PV system. Matlab/Simulink simulations of a partially shaded PV system have been carried out to validate the proposed MPPT. The results show that the proposed control is able to identify whether the PV system is under normal weather conditions or partial shading conditions. Moreover, the proposed MPPT is capable of reaching the global maximum power point under any partial shading conditions. 
